The efficiency of using intumescent flame retardants in polyurethane coatings based on tall oil fatty acids esters was assessed. The influence of the content of each of the flame retardants (ammonium polyphosphate, melamine and pentaerythriol) separately on the flammability parameters of wood samples with polyurethane coatings in a cone calorimeter test, as well as on the thermal and mechanical properties of the polyurethane itself, was investigated. The effect of the ratios of double and triple combinations of the mentioned flame retardants on the specified properties was studied. It has been found that, for the given type of polyester urethane, ammonium polyphosphate decreases the flammability of polyurethane most. Melamine, and melamine in combination with ammonium polyphosphate decrease the smoke release upon polyurethane combustion.
INTRODUCTION * * * *
To decrease the flammability of polyurethanes, different flame retardants are used. The types of the used flame retardants are determined by the type of polyurethanes (rigid or flexible polyurethane foam, thermoplastic polyurethanes or polyurethane coatings) [1, 2] . In conditions of the limited use of halogenated flame retardants, to decrease the flammability of coatings, including those on the basis of biobased polyurethanes, halogen-free intumescent flame retardants are used increasingly often. The latter are divided into two types, depending on the mechanism of intumescence [3] . Thus, expandable graphite and similar substances are assigned to the type of retardants with the physical fire retardant mechanism [4, 5] . Retardants with the chemical fire retardant mechanism are related to the traditional type of intumescent flame retardants. The formulation of this type of flame retardants consists of three basic ingredients: an acid source, a char forming agent and a blowing agent [6] .
For most intumescent formulations, ammonium polyphosphate (APP) is used as an acid source (precursor for catalytic acidic species). As a char forming agent, carbon-rich polyhydric compounds such as pentaerythritol (PER), starch, glucose and others are commonly used. As a blowing agent, nitrogen-releasing compounds such as melamine (Mel), urea and others are used [5] .
The role of each ingredient in the mechanism of intumescence in fire retardant polymers and chemical processes, which occur upon heating typical intumescent systems, is considered in many studies. However, most of them are assigned to thermoplastic polypropylene (PP) and polyamide. Thus, Camino et al. [7] , as in the previous studies, carried out a versatile study of intumescent PPbased formulations, containing the intumescent additives APP/PER. The effect of different blowing agents and fillers on the intumescence and combustion behaviour of intumescent polymer compositions has been evaluated by them [8, 9] .
The mechanism of the interaction of APP with aliphatic polyamides, and the catalytic effect of talc and MnO 2 on the intumescent behaviour of these systems is considered in [10, 11] and other studies by Levchik et al. Catalytic effects of zeolites, natural clays and zinc borates in PP-based systems with the intumescent additives APP/PER, as well as the possibility to use polyamides and thermoplastic polyurethanes (TPU) as a char former in PP/APP systems are considered in [6, 12 -15] and other works by Bourbigot et al. It has been shown that, in PPbased intumescent systems with polyamides or TPU, APP acts as both an acid source and a blowing agent.
АРР is the main component also in polyurethane intumescent compositions. The mechanism of its fire retardancy in polyurethanes has been studied in detail in [16] . However, the use of only АРР as an intumescent additive is not so efficient, and, to reach significant results, the incorporation of a sufficiently great amount of APP (30 wt. % -40 wt. %) is required. In this case, the mechanical characteristics of filled polymers are considerably impaired.
More efficient is the use of APP in combination with the already mentioned PER and Mel owing to the synergism in pairs of these compounds [17, 18] . Data of these studies by Lewin are based on both the own results and the data of the studies by Camino, Levchik and Bourbigot mentioned earlier. It is exactly in these studies that the main combination of APP + PER in a ratio of 3 : 1 and that of APP + PER + Mel in a ratio of 3 : 1 : 1 for thermoplastics are proposed. In the case of using the combination of these three ingredients, the development of intumescent char starts with a reaction, above 200 °C, between APP and the carbon-rich PER to form phosphoric ester bonds. Further elimination of water and ammonia leads to the formation of carbon-phosphorus char.
Melamine, which decomposes at a higher temperature, acts primarily as a blowing agent, expanding the char [19] .
For polyurethanes, a typical ratio of these three ingredients is also 3 : 1 : 1 [20] . However, for a definite type of polyurethanes as a polymer, another ratio can better, because the definite contribution of a polymer in the process of the coating's intumescence directly depends on the chemical structure of the polymer itself. Therefore, in other studies, the effects of intumescence in polyurethanes and other polymers when using the three mentioned intumescent additives in very different ratios were investigated. In some cases, the greatest effect was reached at ratios, different from the typical one [21 -23] .
The aim of the present study was a search for a more efficient combination of three classical intumescent flame retardants (APP + PER + Mel) for polyurethanes based on tall oil fatty acids esters. The efficiency of intumescent flame retardants was evaluated using the cone calorimetry test and thermogravimetric analysis.
EXPERIMENTAL

Materials
Ammonium polyphosphate (NH 4 PO 3 ) n , with n > 1000 Exolit® AP 422 was supplied by Clariant International Ltd., BU Additives (Switzerland).
Melamine 99 % ALDRICH (C 3 H 6 N 6) , and Pentaerythritol 98 % ALDRICH (C 5 H 12 O 4 ) were obtained from Sigma-Aldrich Chemie GmbH (Germany).
Polyisocyanate Voratec SD 100 (NCO content 31.5 %, functionality 2.7) was supplied by Dow Deutschland GmbH (Germany).
Tall oil fatty acids and triethanolamine ester (OH number 349 mg KOH/g), synthesized as in [24] , was used as a polyol.
Preparation and testing of polyurethane coating
All intumescent additives were preliminary mixed in polyol. Polyurethane coatings were prepared from toluene solutions at the molar ratio NCO/OH = 1.1. Toluene (up to 50 %) was added to the premixed polyol with intumescent additives. For the thermal and mechanical test, polyurethane coatings were prepared in the form of free films [24] . For the flammability test, polyurethane coatings, 250 µm -300 µm in thickness, were applied on (100×100×16) mm standard wood (pine) samples.
The consumption of the polyurethane composition upon its applying to both polypropylene plates (free films) and wood samples was controlled by the weight method. After applying the coating, the samples were immediately placed on a horizontal surface to ensure a uniform thickness of coatings till the gel formation. All polyurethane coatings were hardened at a temperature of 21 °С ±2 °С during 7 days.
Combustion performance of the polyurethanes was studied using a FTT Cone Calorimeter (Fire Testing Technology Ltd. 
RESULTS AND DISCUSSION
Cone calorimeter study
The ignition and combustion of all wood samples with polyurethane coatings during the tests occurred according to the following scenario. Firstly, under the action of the heat flux, volatile products of decomposition of the polyurethane coating released, which, in a definite period of time, flamed up, and the combustion of the coating itself started. Upon the combustion, the destructing coating intumescented. If melamine was present in the coating composition, then the coating combustion process was accompanied by a pronounced short boiling stage, connected with the release of the products of decomposition of melamine. After accomplishing this stage, the combined combustion of the wood sample with the intumescented carbonized coating continued. The combustion intensity gradually decreased and, after 20 min -25 min, the flame extinguished.
The flammability parameters of wood samples with polyurethane coatings were measured in terms of time to ignition (t ig ), heat release rate (HRR), peak heat release rate (PHRR), mean mass loss rate (MLR) and total smoke release (TSR) [25, 26] . Additional parameters, which better characterized the flame resistance performance of materials such as maximum average rate of heat emission (MARHE) and fire growth index FGI = PHRR/t ig [27] , were also determined.
At first the effect of the addition of each intumescent flame retardant separately on the flammability of wood samples with polyurethane coatings was investigated. It has been found that, with increasing content of each of those additives up to 30 wt. %, the main flammability parameters of the samples, compared with those of the samples with a neat polyester urethane coating (without flame retardant additives), gradually decreased and reached their minimum at the content of flame retardants of about 25 %. The most considerable difference was observed in the indices, which characterized the initial stage of testing the samples (Fig. 1) . Thus, PHRR for the samples with a polyurethane coating at the maximal content of APP and Mel decreased 2.4 and 1.2 times, respectively (Fig. 2) . FGI and MARHE for the same samples, with increasing content of intumescent additives, changed in a similar way. In this case, for the samples with the coatings, containing APP and Mel, the decrease of FGI was 2.8 and 1.4-fold, respectively. The decrease of MARHE for the same samples was 1.75 and 1.4-fold, respectively. In this case, mean MLR for the samples with the coating, containing APP and Mel, decreased only 1.1 times (Fig. 3) . The THR of these samples also changed in a similar way; in this case, the decrease of THR for the samples with the coating, containing APP and Mel, was 1.2-fold (Fig. 4) . No essential difference in the mentioned integral indices between the samples with the coatings, containing an equal amount of different flame retardants, was observed.
There was quite another pattern for the smoke release upon combusting samples with the polyurethane coating. If in the case of increasing content of APP or PER in the polyurethane till a definite concentration, the TSR of samples increased about 1.2 times, then, with increasing content of Mel in polyurethane, TSR decreased 1.3 times (Fig. 5) . Correspondingly, in the investigated polyurethane based on tall oil fatty acids esters, APP decreased more efficiently the combustibility of the material, and Mel -its smoke release.
Fig. 5. TSR versus flame retardants' weight content for samples with polyurethane coatings
Further, taking into account all the obtained data, the maximal total content of intumescent flame retardants was limited to 25 %. And it was exactly such a total content of additives, at which the effect of the proportions in double and triple combinations of APP, PER and Mel was investigated.
Fig. 6. PHRR versus flame retardants' ratio (A/B) for samples with polyurethane coatings
From the double combinations of intumescent flame retardants APP/PER, APP/Mel and Mel/PER, the combination APP/Mel appeared to be most efficient. The samples with the polyurethane coating, containing a combination of exactly those two flame retardants, had the lowest values of PHRR, FGI, MARHE and THR, and mean MLR. These parameters had the lowest value at ratios of APP/Mel equal to 3 : 1 and 4 : 1 (Fig. 6) . In this case, some of them were on the level of the best parameters of the samples with the polyurethane coating, containing 25 % of APP. The TSR value (Fig. 7 ) of the samples with the addition of those two flame retardants (APP/Mel) was lower than the TSR value of the samples with the addition of only one АРР, but somewhat higher than for the samples with the polyurethane coating with the addition of Mel alone.
Fig. 7. TSR versus flame retardants' ratio for samples with polyurethane coatings
Correspondingly, for the given type of polyester urethane (PEU), the synergism of the system APP/Mel proved to be greater than that in the traditional APP/PER system. In this case, the synergism of the systems APP/Mel/PEU and APP/PER/PEU should be certainly spoken about more appropriately, because polyester urethane also directly participates in the combined processes of decomposition and char formation of the intumescent coating. Then samples with polyurethane coatings, containing all the three flame retardants simultaneously, were investigated. In this case, the ratio in the combinations APP/PER/Mel was varied in the ranges from 6 : 1 : X to 6 : 4 : X, where X varied from 1 to 6. The combinations, close to 3 : 1 : 1 (classic) and 3 : 1 : 2, appeared to be the most efficient ones. However, most of the flammability parameters of these samples were inferior or approximately on the level of the indices of the samples with polyurethane coatings, containing combinations of two flame retardants APP/Mel (Table 1 ). In terms of the main flammability parameters, neither of the tested triple combinations of flame retardants was superior to the mentioned double combinations of flame retardants. Hence, the presence of PER as a char forming agent in the system of intumescent additives for polyurethanes based on tall oil fatty acids esters did not give any significant effect. Because the polyurethane itself can act as a char forming agent, as shown in a range of studies [6] , the additional char forming agent for the given type of polyurethane proved to be unnecessary.
Thermal and mechanical properties
Thermogravimetric analysis of polyurethanes with intumescent additives showed the following. Upon introducing of only Mel or PER, the decomposition of polyurethane upon heating occurs faster (Fig. 8) than the decomposition of neat polyester urethane. Respectively, also the height of the peaks corresponding to the temperature of the maximum rate of weight loss for the first step of decomposition on the DTG curve for those polyurethanes was higher than the height of the peaks of neat polyester urethane. The temperature of the maximum rate of weight loss for the final step of decomposition (T fMAX ), with increasing content of Mel or PER, decreased by 15 °С and 30 °С, respectively. The decomposition of the polyurethane with an additive of APP occurred slower than that of neat polyester urethane, and upon increasing content of the flame retardant, the T fMAX value of polyurethane increased from 590 °С (neat polyester urethane) to 735 °С (polyester urethane with 25 % of APP). The value of the char yield of polyurethanes also changed in a similar way. In particular (Fig. 9) , the char yield at 700 °С (m 700 ) for polyester urethane, with increasing APP content, became much higher than the char yield of both neat polyester urethane and the polyurethanes with additives of Mel or PER. And it is known from the general theory [2] that the greater is the value of the char yield of a material, as a rule, the lower are the values of its flammability parameters.
Upon loading of APP combined with Mel or APP combined with PER into polyurethane, owing to synergism in these vapours, the decomposition of intumescent flame retardants at the final stage occurred slower than that of neat polyester urethane. In this case, at a ratio above 3 : 1, the value of the char yield was on the level of the indices for polyurethane, containing 25 % of APP. Also in this case, the data on the char yield (Fig. 10 ) correlated with the data of the flammability tests of polyurethane coatings. It is known that, upon loading of intumescent additives, as a rule, the mechanical properties of polymers are impaired. Also in this case, with increasing content of individual intumescent additives, tensile strength of polyurethane (Fig. 11) and its elongation at break considerably decreased. This occurred to a lesser extent upon loading of APP, the particles of which had the smallest sizes among all the flame retardants (particles <50 µm min. 95 %). These indices, with addition of Mel (particles <200 µm min. 90 %), were somewhat worse. The least strength was for the polyurethane with the addition of PER, the particles of which had the largest sizes (particles <250 µm min. 90 %). With increasing content of all the mentioned flame retardants, modulus of elasticity somewhat increased. The strength of the polyurethanes, containing a combination of the flame retardants APP/Mel in a quantity of 25 %, was on the level of strength for the polyurethane with 25 % of APP. If PER was used instead of Mel or additionally, then the tensile strength of polyurethanes considerably decreased.
CONCLUSIONS
To decrease the flammability of the given type of polyester urethane, ammonium polyphosphate was the most efficient additive. The efficiency of melamine was much lower; however, it was the only one among the investigated additives to reduce the total smoke release upon the combustion of polyurethane.
Approximately the same decrease of polyester urethane flammability, as in the case of ammonium polyphosphate, and the simultaneous reduction in total smoke release could be reached upon the loading of ammonium polyphosphate together with melamine at ratios of 3 : 1 and 4 : 1.
The lowest total smoke release was for the coatings with additives of flame retardants at a ratio of APP/PER/Mel equal to 3 : 1 : 1. However, upon adding of pentaerythriol to the combination of flame retardants, the other flammability parameters of polyurethane coatings, as well as their mechanical characteristics, were impaired.
